ABSTRACT : Coactivator-associated arginine methyltransferase 1 (CARM1) is included in the protein arginine methyltransferase (PRMT) family, which methylates histone arginine residues through posttranslational modification. It has been proposed that CARM1 may up-regulate the expression of pluripotency-related genes through the alteration of the chromatin structure. Mouse embryonic stem cells (mESCs) are pluripotent and have the ability to self-renew. The cells are mainly used to study the genetic function of novel genes, because the cells facilitate the transmission of the manipulated genes into target mice. Since the up-regulated methylation levels of histone arginine residue lead to the maintenance of pluripotency in embryos and stem cells, it may be suggested that CARM1 overexpressing mESCs elevate the expression of pluripotency-related genes in reconstituted embryos for transgenic mice and may resist the differentiation into trophectoderm (TE). We constructed a fusion protein by connecting CARM1 and 7X-arginine (R7). As a cell-penetrating peptide (CPP), can translocate CARM1 protein into mESCs. CPP-CARM1 protein was detected in the nuclei of the mESCs after a treatment of 24 hours. Accordingly, the expression of pluripotency-related genes was up-regulated in CPP-CARM1-treated mESCs. In addition, CPP-CARM1-treated mESC-derived embryoid bodies (EBs) showed an elevated expression of pluripotency-related genes and delayed spontaneous differentiation. This result suggests that the treatment of recombinant CPP-CARM1 protein elevates the expression of pluripotency-related genes of mESCs by epigenetic modification, and this protein-delivery system could be used to modify embryonic fate in reconstituted embryos with mESCs.
INTRODUCTION
Pluripotent embryonic stem (ES) cells, which are mainly used in chimeric mice production for knockout mice studies, are derived from the inner cell mass (ICM)/epiblast population of the blastocyst (Johnson & Ziomek, 1981) . Although the ICM is a transitory cell population in the embryo, cultured ES cells can possess an unlimited self-renewal capability and maintain the pluripotent state. From the studies of Thomas & Capecchi (1987) that demonstrated that any genes could be mutated by homologous recombination in ES cells, mouse embryonic stem cells (mESCs) have been used for producing chimeric embryos to make genetically modified mice. However, due to the unstable epigenetic states in mESCs during manipulation in vitro (Humpherys et al., 2001) , many efforts for sustaining stable states during long-term culture have recently been reported (Ramirez et al., 2009 ).
In mammals, many epigenetic modifications (e.g., DNA methylation, histone acetylation and methylation to maintain the pluripotency of ES cells) have been studied, and their effect on development and differentiation has been characterized. DNA methylation at cytosine in the CpG island of differentiation marker genes and histone lysine acetylation S Choi, J Jo, D-W Seol, SK Cha, JE Lee, DR Lee Dev. Reprod. Vol. 17, No. 1 (2013) 10 of polycomb group complexes to maintain the pluripotency of ES cells are presently best understood (Boyer et al., 2006; Ha et al., 2011; Leeb & Wutz, 2012) . Moreover, histone methylation of lysine residues has been highlighted as studies of histone modifications but not arginine residues.
However, recently, the importance of histone arginine methylation has been focused on the epigenetic regulation of pluripotency in ES cells (Wu et al., 2009 ).
The histone methylation of arginine residue as a histone modification is catalyzed by the protein arginine methyltransferase (PRMT) family, which consists of 10 members in mammalian cells (Bedford, 2007) . Among the PRMT family, coactivator-associated arginine methyltransferase 1 (CARM1)/PRMT4 is known to catalyze the asymmetric di-methylation of the arginine residues of many proteins, such as histones and certain transcription factors, and the enzyme acts as a coactivator for transactivation (Bedford, 2007) . CARM1 functions as a secondary coactivator with the p160 transcriptional coactivator family which includes SRC-1, GRIP1/TIF2, and p/CIP and mediates transcriptional activation by nuclear hormone receptors (Chen et al., 1999) .
In addition, CARM1 can methylate histone H3, and the coactivator-mediated methylation of proteins in the transcription machinery may contribute to transcriptional regulation (Feng et al., 2006) .
As histone H3 methyltransferase, CARM1 methylates histone H3 arginine 17 and 26 residues that recently emerged as an epigenetic mechanism regulating pluripotency in mouse embryos (Torres-Padilla et al., 2007) . The elevation of the expression of CARM1 in individual blastomeres leads to increased histone methylation and results in higher expression of pluripotency transcription factors such as Oct3/4, Nanog, and Sox2 and direction of progeny to the ICM (TorresPadilla et al., 2007) . Even though all cells are initially pluripotent, reduced CARM1 activity predisposes cells to differentiate (Wu et al., 2009) .
As an easy, efficient, and precise method of intracytoplasmic delivery of CARM1 protein, we used a cell-penetrating peptide (CPP)-mediated protein-delivery system (Jo et al., 2010) . In Jo et al. (2012) , when the CPP-CARM1 protein was delivered exogenously into human mesenchymal stem cells (MSCs), it was able to methylate transiently histone H3 arginine residues, and it resulted in the up-regulation of pluripotency-related genes and differentiation potentials. In the present study, to increase the efficiency of the production of chimeric mice and germ-line transmission, we produced a mouse recombinant CARM1 protein and analyzed its function after intracytoplasmic delivery into mESCs.
MATERIAL AND METHODS

Open reading frame (ORF) cloning of mouse CARM1
The CARM1 cDNA clone was purchased from Imagenes (I.M.A.G.E full length cDNA clone; Imagenes, Berlin, Germany) and it was used as templates for polymerase chain reaction (PCR). CARM1 cDNA were amplified including restriction enzyme sequences at 5'-Xho I (CTCGAC) and start codon, 3'-BamHI (GGATCC). The PCR cycle conditions were 95℃ for 30 s, 60℃ for 1 min, 72℃ for 1 min (30 cycles). These PCR products were inserted into the pCR®8/ GW/TOPO vector using pCR®8/GW/TOPO® TA Cloning Kit (Invitrogen, Carlsbad, CA) and confirmed by gene sequencing. CARM1 ORF was replaced into pET-20b vector which includes 7x oligoarginine (7R) as a CPP by Xho I and BamHI restriction enzyme.
Purification of CPP-CARM1
The constructed protein expression vector, CPP-conjugated CARM1 (CPP-CARM1), were transformed into BL21(DE3)pLysS competent cells (Stratagene Inc., La Jolla, CA, http;//www. 50 μl β-mercapto ethanol (Gibco-BRL), 100 U/ml penicillin G, 100 ㎍/ml streptomycin (Gibco-BRL) and 10 3 U/ml ESGRO (LIF, Chemicon, Temecula, CA). The mouse ES cells were cultured at 37℃ in 5% humidified CO 2 incubator. On the next day after subculture, media was changed with or without 2 ㎍/ml CPP-CARM1. Twenty-four hours later, media was replaced in same pattern. Total CPP-CARM1 treatment was performed twice.
Immunocytochemistry
Mouse ES cells were cultured with or without CPP-CARM1
for 24 hours were fixed in 4% paraformaldehyde ( Reverse transcription PCR was conducted using G-taq kit (Cosmo, Seoul, South Korea). All PCR products were separated by 2% agarose-gel electrophoresis. For quantification of expression level, real-time PCR was performed by using iQ ™ SYBR® Green Supermix (Bio-rad Laboratories, Hercules, CA) on BIO-RAD CFX96 TM real-Time System. The deltadelta Ct method was applied to normalize the expression levels of pluripotency-related genes and differentiation marker genes to those of 18S and β-actin as normalization control.
Stastical analysis
All experiments were performed at least in triplicate, and results are expressed as the mean ± standard error. The Student's t test was performed to examine the statistical significance of all the experiments performed; p < .05 was considered statistically significant.
RESULTS
Cloning of the CPP-CARM1 expression vector
We constructed a vector for protein production. Mouse CARM1 cDNA sequences (1,577 bp) were obtained by PCR, and the cDNA clones were transferred into a pET-20b A. Sequence analysis of mouse CARM1 which cloned in pET20b. Mouse CARM1 was connected with seven arginine at 5' end and six histidine at 3' end. B. Confirmation of pure isolation of CPP-CARM1 by Coomasie blue staining and Western blot using specific antibody against 6x His-taq.
Dev. Reprod. Vol. 17, No. 1 (2013) Regulation of mESCs-pluripotency by CPP-CARM1 13 expression vector. A modified pET-20b vector was designed with the sequence of R7, which has a role in CPP at the end of the 5' of the CARM1 protein-coding sequences and the histidine coding sequence at the end of the 3' of the CARM1 coding sequences to facilitate purifying proteins (Fig. 1A) . The accurate ORF was confirmed by sequencing analysis using a T7 promoter and T7 terminator primers.
Purification of the CPP-CARM1 recombinant protein
The CPP-CARM1 protein expression vector that was transformed into BL21(DE3)pLysS was induced to express protein by 1 mM IPTG and purified using 6x histidine-tag at the C-terminal of the protein. (Fig. 1B) . As a result, the 68kDa CPP-CARM1 band was successfully detected.
Penetration of CPP-CARM1 into mESCs
Based on a previous study in which CPP-CARM1 was observed inside the nucleus within 24 hr. (Jo et al., 2012) , the 2 ㎍/ml CPP-CARM1 was treated into mouse ES medium. To check the translocation of the protein into the nuclei of the mESCs, cells were fixed at the time of the 24 hr. treatment and immunostained with anti-Histag antibody. The CPP-CARM1 was located in both the cytoplasm and nuclei. The recombinant protein was detected in most of the nuclei of the mESCs. In addition, immunostaining using anti-H3R17di-me antibody precisely showed the function of CARM1 at the histone H3 arginine 17 residue (Fig. 2) . Therefore, similar to the previous study with human MSCs using CPP-CARM1, these results verified the translocation and function of CPP-CARM1 in mESCs. Mouse ES cells derived from C57BL/6 mouse express GFP. Protein transduction of 7 arginine (R7)-conjugated CARM1 protein was detected by immunocytochemistry. 2 ug/ml of CPP-CARM1 were added to ES culture medium. Mouse ES cells cultured for 24 hrs after treatment and immunostained using 6X His-taq antibody and H3R17 di-me antibody. Nuclei were counterstained with DAPI and the images were merged.
Analysis of CPP-CARM1 protein function in mESCs
CARM1 associates with Oct4 and Sox2 promoters in human MSCs and regulates their expression levels (Jo et al., 2012) . After treatment with or without CPP-CARM1 protein, the Oct4, Sox2, and Nanog expression levels of mESCs from the non-treated group and the protein-treated group were compared by CPP-CARM1 treatment led to an approximately two-fold increase in the of pluripotencyrelated genes compared to the control group (Fig. 3) . In addition, after treatment with CPP-CARM1, spontaneous differentiation through the formation of EBs occurred in culture media without, but this was delayed compared to the non-treated group. In other words, the pluripotencyrelated gene expression level of CPP-CARM1-treated mESCs was decreased slightly when spontaneous differentiation was induced for 1 day but not markedly distinguished for 3 days of differentiation when compared with the nontreated group (Fig. 4) . RT-PCR analysis showed the expression of Oct4, Sox2 and Nanog genes. C. Quantification of transcript level changes of pluripotency-related genes in EBs from between non-treated and CARM1-treated groups. The data was normalized to endogenous β-actin level.
DISCUSSION
In the previous study, it was reported that human CPP-CARM1 protein was translocated into human MSCs efficiently with biological activity (Jo et al., 2012) . In the present study, we confirmed that, mouse CPP-CARM1 protein was well produced and delivered into mESCs efficiently with biological activity. CPPs consisting of short amino acid sequences can deliver biological cargo such as oligonucleotides, small molecules, macromolecules, and proteins (Madani et al., 2011) . CPP types and properties are diverse, and the transmissivity of cells differs with the diverse CPP types (Madani et al., 2011) . One CPP, oligoarginine, is composed of 5 -15 arginine sequences, and its cellular uptake potential is very efficient (Mitchell et al., 2000; Tung et al., 2003) . The 7R (7x arginine as cationic CPPs)-conjugated CARM1 used in Jo et al. (2012) was connected to a six-histidine tail, whose exogenous proteins were able to be detected by anti-His tag. Using immunocytochemistry of the anti-His tag antibody, we confirmed the introduction of CPP-CARM1 into mESCs (Fig. 2) .
In the present study, we found that the CPP-CARM1
protein up-regulated the histone H3R17 methylation in mESCs (Fig. 2 ). This histone modification activity is known to regulate the pluripotency in mESCs (Wu et al., 2008) .
As the primary component of chromatin, the histone complex regulates the transcription of pluripotency-related genes and differentiation marker genes through posttranslational modification such as acetylation and methylation (Hochedlinger & Plath, 2009; Leeb & Wutz, 2012) . CARM1, a member of the PRMT family, is known to up-regulate the transcription level of the Oct4 and Sox2 genes by histone H3 arginine methylation on its genes promoter (TorresPadilla et al., 2007) . Therefore, it can be suggested that CARM1 is a factor that determines cell fate by altering the methylation levels of histone H3 arginine residue 26 when the embryonic blastomeres differentiate into ICM or trophectoderm. Furthermore, when two-cell blastomeres were traced by the injection of Ds-Red tagged CARM1 mRNA, the increased level of CARM1 led to the regulation of the pluripotency-related genes and embryonic polarity (Parfitt & Zernicka-Goetz, 2010) . In the present study, we found that pluripotency-related genes were up-regulated in CPP-CARM1 protein-treated mESCs as in previous reports. In conclusion, we suggest that supplementing CPP-CARM1 protein into culture medium can elevate the expression of pluripotency-related genes in in vitro-cultured mESCs, and it might increase the production efficiency of chimeric mice.
